The rate constants of nitroxide reduction by ascorbate ion were determined from a time-series measurement of ESR images, that is, ESR spatiotemporal images, which were measured with a rapid field scan L-band ESR-CT system. Two test tubes containing the phosphate buffer solutions of 3-carbamoyl-2,2,5,5-tetramethylpyrrolidin-l-yloxy (C-PROXYL) and ascorbate ion with different concentrations were placed together in the loop-gap resonator and a time-series measurement of 2-dimensional ESR images were obtained. The first-order rate constants for each reduction were determined from the time course of the total gray scale at each test tube region. These rate constants agreed with those measured individually from L-band or X-band ESR spectra. In order to study the dynamics of free radicals at an interested region in a living biological sample, it is very important to obtain the time course of radical concentration at the interested region in the sample in vivo. For this purpose, fast electron spin resonance (ESR) imaging is required. We have previously developed the rapid field scan L-band ESR computed tomography (ESR-CT) system equipped with an air-core electromagnet.' This system has been applied to biological samples and the spatiotemporal ESR images of nitroxide distribution have been displayed.2,3 However, no quantitative analysis, such as the determination of rate constants for the nitroxide reduction has yet been carried out.
In order to study the dynamics of free radicals at an interested region in a living biological sample, it is very important to obtain the time course of radical concentration at the interested region in the sample in vivo. For this purpose, fast electron spin resonance (ESR) imaging is required. We have previously developed the rapid field scan L-band ESR computed tomography (ESR-CT) system equipped with an air-core electromagnet. ' This system has been applied to biological samples and the spatiotemporal ESR images of nitroxide distribution have been displayed.2,3 However, no quantitative analysis, such as the determination of rate constants for the nitroxide reduction has yet been carried out.
Recently a new data processing system has been developed by Yuasa and his coworkers4 to obtain ESR images and each gray scale value of an interested region in a series of ESR images measured is studied. In this study, the rate constants for nitroxide radical reduction are determined by using the rapid field scan L-band ESR-CT system with the data processing program. First, a linear relationship is confirmed between the gray scale value of the image and the nitroxide radical concentration. After this confirmation, the first-order rate constants of nitroxide radical reduction by ascorbate ion were determined from the time course of the gray scale value.
Experimental

L-Band ESR-CT system
The L-band ESR-CT system used in this study is composed of a rapid field scan L-band ESR imaging unit and a data-processing system. The details of the L-band ESR imaging unit have been described in a previous paper.' For a 2-dimensional ESR image, a field gradient was applied at 1 mT/cm changing its directions in 10-degree steps, and data from nineteen (18+1) spectra were obtained. In processing the data, the low-pass filter technique (DLPF) and the simultaneous iterative reconstruction technique (SIRT) were used to deconvolute the ESR spectral data and to reconstruct a 2-dimensional ESR image with 64X64 points (50X50 mm), respectively.4 In illustrating a picture of a series of ESR images, the maximum value of the gray scale was taken as 100%. Furthermore, a region of interest was selected from an initial image in a series of ESR images and a total gray scale value of the selected region was calculated for each sequential images. The relative value of the total gray scale of the selected region was plotted in a graph, where the relative value was expressed as a value relative to the maximum total value in a series of ESR images.
Measurement of the test sample
To confirm the proportional relationship between the radical concentration and the gray scale value in a 2-dimensional image, phosphate buffer solutions (0.1 M, pH 7.4) of 3-carbamoyl-2,2,5,5-tetramethylpyrrolidin-lyloxy (C-PROXYL, Aldrich Chem. Co.) from 2 to 10 mM (M=mol dm 3) were prepared. One milliliter of each C-PROXYL solution was introduced into a cylindrical glass tube (10 mm i.d.); the tube was then placed at the center of a loop-gap resonator. ESR imaging data were collected immediately and were processed after ESR experiments.
The reduction of C-PROXYL by sodium ascorbate (Wako Pure Chem. Ind.) was examined by our L-band ESR-CT system. Both the solutions of C-PROXYL and sodium ascorbate were prepared in a 0.1 M phosphate buffer pH 7.4. The nitroxide reduction for each experiment was assessed by incubation using a 15-fold and 20-fold molar excess of ascorbate ion. After C-PROXYL solution was added quickly to each of the two glass test tubes in which ascorbate ion solution of high and low concentration had been placed, the two test tubes were immediately set up in the loop-gap resonator and the ESR spectra were measured. The final concentration of C-PROXYL was 2 mM and ascorbate ion concentrations were 30 mM in one tube and 40 mM in another one. ESR spectra for a 2-dimensional ESR image were measured at approx. 1-min intervals until the ESR signals decreased to the background.
The ESR data were processed after the ESR experiments. In addition, the reduction rate of 2 mM C-PROXYL by 30 mM or 40 mM sodium ascorbate was individually calculated from the time course of the signal intensity by using the L-band and X-band (JEOL JES-FR30) ESR spectrometers.
The L-band ESR data were collected under the conditions of a resonant frequency of ca. 700 MHz, a microwave power of 10 mW, a 100 kHz modulation width of 0.1 mT, a magnetic field scanning range of 260±5 mT, and a sweep time of 1 s. ESR imaging was carried out under a gradient field of 1 mT/cm. The X-band ESR signal at low field (MI=+1) was measured under the conditions of a microwave power of 4 mW, a 100 kHz modulation width of 0.1 mT, a magnetic field scanning range of 335±0.5 mT, and a sweep time of 5 s. All measurements were carried out at 25° C.
Results and Discussion
Relationship between the gray scale and the concentration of a nitroxide radical The ESR images of C-PROXYL solutions of various concentrations are shown in Fig. 1 . After a region of the test tube in the image was selected, the total value of the gray scale in this region was calculated. A plot of the relative value of total gray scale vs. C-PROXYL concentration gave a good linear relationship passing through the origin, as shown in Fig. 2 . The correlation coefficient of the linear relation was 0.9976. This result indicates that the gray scale value of the ESR image was proportional to the nitroxide radical concentration.
Reduction of the nitroxide radical by ascorbate ion
The reduction of 2 mM C-PROXYL by 40 mM sodium ascorbate is shown in the upper part of Fig. 3 , and that of the 30 mM sodium ascorbate is shown in the lower part. From this we can conclude that the higher the concentration of sodium ascorbate, the larger the reduction is.
Making use this propotional relationship between the gray scale value and the concentration, we were not only able to observe the C-PROXYL reduction from ESR images, but also able to calculate the reduction rate constant. After each of two areas where C-PROXYL was existing was selected by mouse operation, the total gray scale value of the selected part was then calculated. The plot of the logarithm of the relative value of the total gray scale against time is given in Fig. 4 . An initial linear decay followed by a slower process was observed. The reason for this has been discussed in literature.5 From the slope of the initial linear decay, the rate constants of a first order reduction were calculated to be 4.4X 10-3 and 5.7X10-3 s-1 for 30 mM and 40 mM ascorbate ion, respectively. Correlation coefficients of initial linear decay (solid lines) were 0.9946 and 0.9957 for the upper and lower parts, respectively. In addition, we were also able to calculate the value for each rate constant from the time course of the signal intensity at low field in L-band ESR spectra. The relative concentration was evaluated by peak height of low field signal, because the line-width of the signal was constant during the measurement. Furthermore, each reductions was examined with X-band ESR spectrometer. Correlation coefficients for these spectral measurements were found to be more than 0.999. All the data for the rate constants are given in Table 1 .
As seen in Table 1 , the rate constants obtained from the gray scale value of a series of ESR images agreed with the values from both the X-band and the L-band ESR spectra. Although application of the L-band ESR-CT system has been made to obtain a time-series of images for both model samples or small animals, the results are still at the qualitative level. This paper presents what seems to be the first quantitative result of a rate constant determined at an interested region by using the L-band ESR-CT system. X-band ESR studies have also shown that 5-membered ring nitroxides are more stable than 6-membered ones when they were reduced by ascorbate ion6 or tissue homogenates.5 Our previous paper' also indicated that the decay rate of a 6-membered ring nitroxide was much larger than a 5-membered one when the nitroxide was injected into a rat in vivo. It is impossible at present to measure the fast reduction of a 6-membered ring nitroxide radical with this ESR-CT system unless the 6-membered ring nitroxide is bonded to a polymer.8 In fact, 98% of 4-hydroxy-2,2,6,6-tetramethylpyperidine-loxyl (TEMPOL) disappears in 60 s when TEMPOL is assessed by incubation with a 20-fold molar excess of ascorbate ion. Reasons are mainly due to the experimental limitations as it takes about 60 s to collect and save the data of nineteen (18+1) ESR spectra for a 2-dimensional ESR imaging. Therefore, the reduction of 2 mM C-PROXYL was not only appropriate but useful in this study to determine rate constants.
From the results mentioned above, we conclude that the relative value of total gray scale in ESR images is proportional to the concentration of the nitroxide radical and that the rate constant of nitroxide (especially 5-membered ring) reduction by ascorbate ion is of 1 st order as determined from the time-series of ESR images. Since the nitroxide radical injected into biological samples has usually decayed according to first-order kinetics5'7, the spatiotemporal measurement with the Lband ESR-CT system is successful and will be very useful for studies on the kinetics of nitroxide in interested organs of biological samples in vivo. Fig. 4 The relationship between time and logarithm of the relative value of total gray scale for two regions in Fig. 3 . The first-order rate constants of C-PROXYL were calculated from solid lines to be 4.4X10-3 s ' and 5.7X10.3 s-' for 30 mM (open circle) and 40 mM (closed circle) sodium ascorbate, respectively. 
